ABSTRACT In this paper, we have designed an ultra-wideband electromagnetic (EM) absorber based on the concept of metasurface Salisbury screen (MSS), which features low profile, light weight, simple configuration, and robust angular performance. The metasurface with extremely simple patch pattern is utilized to generate diverse controllable reflection phases, in place of the non-dispersive metallic plate used in conventional absorbers, thus achieving a multi-octave ultra-wideband EM wave absorption. Equivalent circuit model is established to analyze the performance of the MSS elements, and then the genetic algorithm and simulated annealing algorithm are employed to optimize the MSS element geometries and their spatial distribution. The proposed and fabricated MSS, with a polarization-insensitive absorption over 88% from 3.74 to 18.5 GHz verified by experiments, shows a considerable bandwidth improvement compared with the conventional Salisbury screen of same thickness which has 88% absorption band from 4.8 to 11.5 GHz. Furthermore, the MSS can still provide ultra-wideband absorption with high efficiency for large incident angle, for example, higher than 82% for 45 • incidence. The proposed concept could provide opportunities for flexibly designing ultra-wideband EM absorbers, exhibiting promising potentials for many practical applications, such as electromagnetic compatibility, stealth technique, and so on.
I. INTRODUCTION
As the essential devices for efficient electromagnetic (EM) power absorption, EM absorbers [1] - [6] play an important role in numerous applications from radio to terahertz and optical frequencies, such as electromagnetic compatibility, stealth technology, imaging and sensing, etc. Dallenbache layer [7] , [8] or Salisbury screen [7] - [11] are classical designs employed in microwave region, predominantly as an efficient mean to reduce the radar visibility of targets. The Dallenbache layers using lossy magnetic or dielectric materials can provide a remarkable multi-octave absorption bandwidth, but the large mass density inherently limits their uses in many circumstances. The conventional Salisbury screen (CSS) has a single homogeneous resistive sheet placed quarterwavelength distance from the metal ground. Although the CSS is highly appreciated for its appealing light-weight structure and extremely simple geometry, the narrow bandwidth performance and discrete resonating absorption peaks are still the problems. Therefore, many possible methods are proposed to improve the bandwidth performance of the CSS: Jaumann screen [11] - [14] absorbers using multilayered configurations; circuit analogous (CA) absorbers [15] - [18] comprising resistive frequency selective surfaces (FSS) [18] ; high-impedance surface (HIS) based Salisbury screen with an additional narrow absorption band closely depending on the EM behavior of the HIS [19] , [20] . The emergence of metamaterials caused an upsurge of metamaterial absorber research, due to that these artificially composite particles can emulate many materials' EM responses not available with natural occurring materials [1] , [2] , [21] , [22] . To improve the absorption bandwidth, metamaterial absorbers are often loaded with chip resistors or using metal/dielectric multilayered geometries, which can efficiently dissipate the impinging EM waves with broad absorption bandwidth, but the assembly procedures might be quite complex and timeconsuming since they usually require careful soldering and precise layer alignments [23] - [26] . As we shall see, the most practical problem for EM absorber with a given thickness is to maximally improve the efficient absorption bandwidth. Other crucial issues are associated with the weight, the complexity of design and fabrication, and the sensitivity of absorption on the polarization and incidence angle of the incident EM waves. Though considerable efforts have been made to develop wideband microwave absorbers, they could seldom simultaneously solve all these problems together, and new practical deployable solutions are still necessary.
As a class of structured surfaces, metasurfaces are able to fully control the wavefront either in reflection or transmission operation by introducing abrupt phase changes, which have been implemented in applications such as beam shaping [27] , polarization transform [28] , [29] , absorption enhancement [30] , flat lensing [31] , [32] , wave coupling [33] , and invisibility cloaking [34] , etc. In our previous work [35] , by using metasurface ground, the concept of metasurface Salisbury screen (MSS) is proposed and proved as a promising way to realize ultra-wideband microwave absorber with simultaneously light weight, low profile, and robust angular performance. The metasurface with designable spatial phase response and spatial arrangement is employed to serve as the ground for the generation of multiple resonances. As demonstrated, nearly 8.2 dB reflection reduction from 6 GHz to 30 GHz can be obtained. This wideband absorption performance closely depends on the metasurface ground, which is composed of several kinds of elements that should be independently optimized using time-consuming full-wave simulation.
Here in this paper, compared with the previous work, full theoretical analysis is proposed to automatically optimize the metasurface elements and the MSS absorption performance, which do not have reliance on the full-wave simulation during the whole design process, showing a much less timeconsuming and effort-costing analytical approach for designing MSS. The analytical model can be extended to oblique case and give insight to the underlying mechanism of the robust angular performance of MSS, which was not studied in [35] . In addition, the MSS has a simpler configuration composed of only patch-patterned elements but with a higher absorption performance working in lower microwave band that covers the entire C-band (4 GHz -8 GHz), X-band (8 GHz -12 GHz), and Ku-band (12 GHz -18 GHz). Guided by equivalent circuit analysis [36] , we establish an analytical model to extract the reflection response of the MSS either under normal or oblique incidence. Furthermore, a systematic optimization method is established to obtain the optimal backward radar cross section (RCS) reduction and uniformly suppress scatterings in the whole backward halfspace. The theoretical results are compared with the full-wave simulations and experiments, which shows relatively good agreement among them. These results have demonstrated that ultra-wideband (3.74 GHz -18.5 GHz) absorption over 88% can be achieved by the proposed MSS, showing a great advantage over the CSS of same thickness which has an 88% absorption band from 4.8 GHz to 11.5 GHz. In addition, the metasurface can reduce the sensitivity of the resonance modes on the incidence angle. As a result, the absorption with slightly reduced efficiency can be achieved in the operation band for large incident angles.
The rest of the paper is organized as follows. Section II compares the resonant features of the CSS and MSS, and gives the general design principle of the MMS. In Section III, a general analytical circuit model of the MSS element is set up to quantitatively analyze the MSS resonance, and specially to analyze the MSS element based on patch-patterned metaatom in detail. Optimization procedure for achieving the best absorption performance within a given frequency band is presented in Section IV. Section V shows the simulated and measured results of the ultra-wideband absorption by the proposed MSS. Finally, Section VI summarizes the paper. Figure 1 (a) illustrates the schematic of the CSS with intrinsically simple geometry, which has a resistive sheet with surface impedance of 377 / suspended above the metallic ground plate by a distance of l. At normal incidence case, Salisbury screen resonance can be trigged when the whole phase accumulation as the EM wave interacts with the CSS reaches 2nπ :
II. COMPARISON BETWEEN THE CSS AND THE MSS ON RESONANT PRINCIPLE
where n = 0, 1, 2 . . . corresponds to its n th order resonance, respectively. Since the metallic ground has an intrinsic constant reflection phase of π, the necessary phase accumulation for Salisbury resonance can be only satisfied at certain frequencies, resulting in discrete and narrow absorption bands, as schematically illustrated in Fig. 1(b) . The key to manipulate the Salisbury screen resonance lies on the reflection phase of the bottom ground plane. Different to metallic ground with constant reflection property in microwave region, metasurfaces are capable of generating arbitrary spectral reflection phases in a desirable manner, which have been already been demonstrated by numerous existing works [37] , [38] . In Fig. 1(c) , the metallic ground of CSS is replaced by the reflective metasurface consisting of several kinds of meta-atoms with distinct phase responses. As a result, Fig. 1(d) shows that the different Salisbury screen resonances can be generated successively distributed along the frequency axis, enabling a continuously wideband absorption performance. The required elements can be easily realized by patterning with different surface textures. This type of MSS resonance is the collective result of the air spacer and the resonance of reflective meta-atoms, which can be custom-designed with arbitrary operation frequencies while maintaining the spacing distance unchanged. Such a resonance is quite different to that of CSS, of which the resonant mode is solely determined by the spacer thickness.
The reflection properties of these elements can be elaborately optimized to realize many MSS resonant modes with almost equal distribution across the pre-designed frequency band. Therefore, these multiple and closely distributed resonances can lead to an ultra-wideband microwave absorption. Since continuously ultra-wideband EM absorption is more appreciable for practical applications [39] , the MSS would be much attractive due to that the new degrees of freedom introduced by the metasurface could allow a large controllability and improvement of the absorption bandwidth.
III. THE MSS ELEMENT ANALYSIS VIA THE EQUIVALENT CIRCUIT METHOD
The equivalent circuit model is employed to quantitatively interpret the relationship between the resonant modes of the MSS element and the reflection response of the meta-atom. The MSS element is constructed by the top resistive sheet layer with surface impedance of R s = η 0 = 377 / and the bottom meta-atom layer, with the middle air spacer being a thickness of d, as shown in Fig. 2(a) . Figure. 2(b) illustrates the equivalent circuit model of the MSS element with the incident angle of α. The meta-atom here is regarded as a lossless load Z L since the little loss in metasurface can be ignored. The air spacer behaves as a section of transmission line with propagation constant β 0 = (ω/c)cos(α) and intrinsic impedance Z 0 , which equals η 0 / cos (α) for TE-polarized incidence and η 0 cos (α) for TM case. The resistive sheet is viewed as a resistor in the circuit model. The reflection of the meta-atom can be related to its reflection phase response ψ(f ), and given as: Through some analytical manipulations, we can obtain the reflection of the MSS element:
For the normal incidence (α = 0), the above equation can be reduced to:
The reflection coefficient will vanish ( = 0) when the following resonance condition
is satisfied. Hence, the spectral absorption peaks can be flexibly designed by manipulating the reflection phase of the metasurface. In addition, by increasing the variation rate of ψ(f ), both the fundamental MSS resonance (n = 0) and high-order modes can be excited in the pre-designing frequency band, further reducing the intervals between two neighboring MSS resonances. The meta-atom with readily controllable phase response is crucial for the design of MSS. In this scheme, the metaatom with square patch pattern is chosen due to its simplicity in design, analysis and fabrication, as shown in Fig. 2(a) . The input impedance of such meta-atom for TE-and TMpolarized incidence can be calculated analytically by [40] :
and where β = k 2 0 ε r − k 2 t is the normal component of the wave vector in the substrate, k t = k 0 sin(α) is the tangential component of the wavenumber, h is the height of the grounded dielectric substrate, k eff = k 0 √ ε eff is the wave number in the effective host medium, ε eff = (ε r + 1)/2 is the effective relative permittivity of the host medium, ε r is the relative permittivity of the substrate, and α is the incident angle. The grid parameter γ for array of ideally conducting patches reads:
where a is the unit cell size and w represents the side length of the patch. The unit cell size a is 12 mm while the distance between the resistive sheet and the meta-atom is d = 6 mm.
As an example, the thickness of the dielectric substrate is selected as h = 3 mm with a relative permittivity of 4.3 and loss tangent of 0.002. We first investigate the normal incidence case. The frequency-dependent reflection phase responses of the metaatoms with different parameters w are calculated by equations (2) and (6), and the curves are depicted in Fig. 3 . According to Eq. 5, the MSS resonance occurs when the curves of the meta-atoms' reflection phase intersect with the lines Fig. 3 ). The corresponding reflection coefficient of each MSS element can be derived from equation (4) , and the results are shown in Fig. 4 . Resonances of order n = 0 and n = 1 can be simultaneously excited within the frequency band of interest. In addition, via a change of the parameter w, we can gradually adjust the two resonant frequencies, offering a flexibly control of the MSS resonance, which will further benefit the element optimization and the array synthesis of the metasurface in the next section.
Then it follows the analysis of reflection responses of the MSS elements at oblique incident case with different incident angle α and wave polarizations. Figure 5 shows the theoretical results of the MSS element with w = 6 mm under the incident angle α = 45 • for TE and TM polarizations. At large incident angle, the impedance between the free space and the MSS cannot be perfectly matched at the resonant frequency, leading to the reflection coefficient at each dip being no longer vanished to zero but reduced to a small value about 0.2. It is clearly observed from the theoretical results that the resonant frequency of the first MSS resonance is quite insensitive to the change of incident angle for both TE and TM polarizations, which could ensure a relatively good absorption performance in low frequency region even for large incident angles. Although the second MSS resonance shifts towards higher frequency as the incident angle increases, the bandwidth defined by the reflection coefficient below 0.3 (-10 dB) keeps nearly unchanged for TM polarization and even being broadened for TE polarization (as shown in Fig. 5) . Therefore, by combining several kinds of MSS elements in one design, it is possible to achieve continuously ultra-wideband absorption with stable angular performance. As the comparison, the resonant peak of the CSS undergoes a more obvious blue-shift at oblique incidence, resulting in a less stable angular performance especially in low frequency region.
IV. DESIGN OF AN MSS VIA OPTIMIZATION ALGORITHMS
Now we consider a design example of 10 × 10 array composed of five types of reflective MSS elements with different geometric parameters w i (i = 1, 2, 3, 4, 5), aiming to realize an absorption covering from 4 GHz to 18 GHz. Since the overall absorption performance of the MSS is attributed to the multiple resonances of MSS elements, the proportion of the MSS elements as well as their spatial distributions should be seriously optimized. Based on the aforementioned analytical models, here we develop a systematic method to optimize out the best performance of the MSS. We first derive the equivalent electric and magnetic currents on MSS induced by the incoming wave at an incident angle α. Then, the farfield scattering of the MSS is calculated through a method similar to the classic theory of phased array, where each MSS element is equivalent to an EM surface source with certain initial amplitude and phase [41] . After some manipulation, the scattered electric field from MSS exposed to the incidence with TE and TM polarization can be obtained respectively:
and
where E 0 is the electric field amplitude of the incidence, k is the wave number, r denotes the observational radius in far-field region, p,q (f ) represents the complex reflection coefficient of the MSS element located at (pa, qa), and I(θ , ϕ, α, p, q) is an element function of angle θ , azimuth angle ϕ, and incidence angle α [35] : 
First consider the normal incidence (α = 0 • ), the backward RCS (θ = 0 • ) of the MSS calibrated to the same-sized metallic plate reduces to 20lg(
, where (f ; w i ) is the frequency-dependent reflection coefficient of the MSS element with the patch side length w i , and x i corresponds to its proportion. To achieve the lowest backward reflection in the pre-designed frequency band, we employ the genetic algorithm (GA) [42] , [43] to optimally choose the parameters w i and x i . The GA can mimic the processes of procreation in nature by the genetic operators of selection, crossover, mutation and evaluation. It starts with a randomly selected population of potential solutions and then gradually evolves towards improved solutions, and finally outputs with the global optimized result. We are aimed to inhibit the backward reflection over the whole working band, which means the maximum reflection within the prescribed bandwidth should be as minor as possible. The defined objective function and the constraint conditions are:
where w represents the array (w 1 , w 2 , w 3 , w 4 , w 5 ) and x represents the array (x 1 , x 2 , x 3 , x 4 , x 5 ). The lower and upper bounds of pre-designed frequency f l and f h are set as 4 GHz and 18 GHz, respectively. The optimization program was carried out by a computer with the i5-Intel Core and 4 GB memory. The objective function at each generation of evolution is illustrated in Fig. 6 . The global optimum of -9.7 dB RCS reduction can finally be achieved within 40 generations which takes about 30 minutes, and the optimal solution for w and x are obtained as {0 mm, 4.039 mm, 7.23 mm, 9.506 mm, 11.203 mm} and {21.9%, 19.3%,19.6%, 20.3%, 18.9%}, respectively. We should emphasize that no full-wave numerical calculation is involved in the optimization as we use the simple patch elements in the metasurface which have analytical formulas for reflection calculation, thus it largely reduces the whole computing time. The design scheme is not limited to 10×10 array and 4-18 GHz, and MSS using patchpatterned elements and other-scaled arrays (6 × 6, 8 × 8, 15 × 15, etc.) can be directly developed for specific uses, for example, EMC in communication system or absorption requirement in other frequency regime.
In the above optimization, the backward reflection can be well suppressed in an ultra-wide band by optimizing the proportion of each element. However, the spatial distribution of the MSS elements should be optimized as well to avoid high side lobes in the backward half-space. Here, we use the simulated annealing algorithm to obtain the optimal arrangement of MSS element for reducing the side-lobe level as small as possible [44] , [45] . Details of this procedure can be found in [35] . Five types of MSS elements with different patch sizes w of 0 mm, 4.039 mm, 7.23 mm, 9.506 mm and 11.203 mm are denoted by the number of ''1'', ''2'', ''3'', ''4'', and ''5'', respectively. The initial arrangement is represented by the VOLUME 6, 2018 following matrix: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 
The process of this algorithm converges in 20 minutes, and the results are shown in Fig. 7 . After the optimization, the anomalous high side lobes of the scattering pattern are uniformly reduced to low levels. Figure 8 (a) schematically shows the optimized MSS, where super element of 2×2 same meta-atoms is utilized to better satisfy the periodic hypothesis in the element analysis. Consider the high nonlinearity and complexity of this problem, the optimal solutions may be not unique. Since the transmission wave is totally blocked by the metasurface ground, the EM wave absorption are only related to the reflection, which is calculated as A(f ) = 1−R(f ). Here, A(f ) is the power absorption rate as a function of frequency, and R(f ) is the total scattering power of the whole backward half-space calibrated to that from the same-sized metallic plate. In detail, this calibration can be expressed as: (11) where E s and H s are the scattered electric field and magnetic field from MSS, while E sm and H sm are those from the samesized metallic plate. In other words, by integrating all the scattering energy in the upper half space and comparing with that from the same-sized conducting plate, we can obtain the EM wave absorption by the MSS which ensures a high efficient ultra-wide bandwidth absorption from 3.74 to 18 GHz.
V. EXPERIMENTAL VERIFICATION
To verify the feasibility and practicality of the MSS, a prototype is fabricated. Resistive ink made of graphite powders is used for fabricating the resistive sheet with surface impedance approximating 377 / (with a tolerance of ±5%). The reflective metasurface is fabricated on a 3 mm thick FR4 substrate with relative permeability of 4.3 and loss tangent of about 0.002. The air spacer is mimicked by a microwave foam slab with 6 mm thickness. Figure 8(b) and 8(c) show the photograph of the metasurface and resistive film.
In the experiment set-up, two horn antennas, with one severing as the emitter and the other as detector, are connected to the vector network analyzer. The reflection performance of the MSS is calibrated to a metallic slab with same size. The scattering energy to the upper half space is measured to calculate the EM wave absorption of the MSS. The energy absorption of the sample illuminated by the normal incidence with x-and y-polarization are shown in Fig. 9(a) and 9(b) , respectively. The measured results are roughly in coincidence with the simulated and theoretical results, exhibiting an 88% high absorption from 3.74 GHz to 18.5 GHz for both TE and TM polarizations. The broad absorption band is attributed to the closely distributed neighboring MSS resonances, which can be evidenced by the variation in the absorption curves. Compared with the CSS of the same thickness (l = 9 mm), the MSS shows a significant improvement in the relative absorption bandwidth (with respect to the center frequency), where the bandwidth defined by over 88% absorption is improved from 83% (CSS) to 133% (MSS), clearly validating the concept of MSS serving as an ultra-wideband EM absorber. Gradient or non-periodic spatial arrangement is often adopted in the newly developed metasurface, while periodic hypothesis is often used as the approximation in the element design and analysis [46] - [50] . Also, the edge effects and the mutual coupling are disregarded for the analytical model, and the imperfection of the printed resistive sheet may lead to its real surface impedance not being exactly 377 / . These, more or less, will lead to some differences between theoretical and experimental results [51] . However, the absorption bandwidth of these results are in good agreements. Thus, the theoretical analysis and optimization method could still allow a simple, fast and efficient design of ultra-wide band EM absorbers without reliance on the fullwave simulation.
The RCS can be suppressed in the whole backward halfspace due to the absorption of the MSS, which can be seen in the far-field scattering patterns of the MSS measured and then compared with that of metallic plate in Fig. 10 . An appreciable RCS reduction can be achieved at most directions both in simulated and measured results of E-plane scattering pattern. The full wave simulations and experiments are in good coincidence, and both of them demonstrate the good performance of the proposed MSS. Since the side-lobes of scattering pattern are negligible compared to that of the dominating lobe at θ = 0 • , these results also confirm that the algorithm mentioned above to optimize the spatial arrangement of the MSS elements is quite efficient.
The power absorption of the proposed MSS for oblique incidence can be calculated by varying incident angle α in our framework of theory. The robust angular stability is an important criterion to evaluate the absorber for practical uses. The absorption performance of the MSS for oblique incidence can be readily calculated by varying incident angle α in our framework of theory. First, the scattered field of the whole back space is evaluated by considering the element spatial distribution and the reflection coefficient (f ; w i ; α) of the MSS elements. Here, (f ; w i ; α) is the reflection coefficient of MSS element under oblique incidence with an incident angle α, which can be calculated by equations (2), (3) and (6) for both TE and TM polarizations. Then, by summing up the total scattering field in the whole backward half-space and applying the aforementioned formula A(f ) = 1 − R(f ), the power absorption for oblique incidence can be obtained.
The calculated results in Fig. 11 show that absorption efficiency over 82% from 4 GHz to 19 GHz can be well achieved till the incident angle up to about 45 • for both TE and TM polarizations. The measured results for oblique incidence are displayed in Fig. 12 , which agree roughly with that of the theoretical calculations. For the CSS, as the increase of the incident angle, the working band shifts towards higher frequency, accompanied by the absorption being less-efficiency, while for the proposed MSS, the MSS elements have a better angular stability especially in low frequency region as discussed in the previous section, and the multiple closely distributed resonances can ensure a broad operation band. Since the second MSS resonance shifts towards higher frequency as the incident angle gradually increases, the MSS even has a broader bandwidth but with a little less efficiency for large incident angles. Based on these results, it concludes that the robust angular performance of the MSS can be obtained by employing the metasurface ground.
The recently proposed diffusion metasurfaces have similar EM functionalities when compared with the absorbers in application to the reduction of the backward scattering of targets, but with quite different working mechanisms. In a diffusion metasurface, there is little energy absorption during the wave coupling and reflection, and the impinging energy is just randomly reflected into many directions [37] - [40] . Meanwhile, an absorber can efficiently dissipate the incoming wave by the lossy materials or its structural resonances to ensure an ultra-low scattering in all directions. In our scenario, the metasurface ground is designed to excite multiple and closely-distributed MSS resonances, ensuring that the incident energy can be efficiently dissipated as ohmic loss.
The recent research reveals the existence of theoretical minimum thickness d min of an absorber with given bandwidth and absorption efficiency [6] . In order to evaluate the comprehensive performance of the proposed MSS, we calculate the d min of the fabricated sample, given by [6] : where R(λ) denotes the reflection coefficient as a function of the wavelength. The ultimate thickness for the proposed MSS is about 6.84 mm, approximate 76% of the thickness of the fabricated prototype, showing improvement compared with the previous one [35] . The proposed MSS absorber is compared with some of the representative previous works, including Jaumann Screens [14] , CA absorbers loaded with either high impedance surface [16] or lumped elements [24] , and multi-layered metamaterial absorber [23] . Here, the relative thickness is referred to the wavelength of the lowest operation frequency, and the bandwidth is defined by absorption over 88% (backward RCS reduction over 9.5 dB). As shown in Table 1 , the proposed MSS can provide an ultra-wide absorption bandwidth with a relatively low profile. Besides, the MSS has other advantages such as extremely simple configuration and light weight, easy and fast design by employing the proposed systematic optimization algorithms.
VI. CONCLUSION
In conclusion, we analyze the MSS element with an accurate equivalent circuit model either for normal or oblique incidence, and then develop a systematic and efficient method for designing MSS absorber in microwave range. The MSS absorber are based on a metasurface ground with extremely simple patch pattern, and the resonant feature of the MSS element can be flexibly controlled by tuning the metasurface geometries. Based on these, GA and simulated annealing algorithm are carried out to efficiently optimize the MSS element geometries and their spatial distribution. The experimental results show that the MSS with high absorption over 88% from 3.74 GHz to 18.5 GHz can be achieved under the normal incidence with either x-or y-polarization, demonstrating a significant improvement over the CSS with operation band only from 4.8 GHz to 11.5 GHz. Moreover, the robust angular stability is demonstrated both in the theoretical analysis and experiment. It should be addressed that the design principle could be extended to higher frequency bands, such as THz and the IR regimes [52] , and the proposed MSS has promising potentials in many applications such as electromagnetic compatibility, stealth technique, etc.
